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Synaptic transmission: Well-placed modulators
Ian D. Forsythe and Margaret Barnes-Davies
Metabotropic glutamate receptors are involved in the
modulation of synaptic transmission; their localization in
perisynaptic areas would appear to limit their activation
by endogenous glutamate, but recent reports suggest
that this strategic placement allows use-dependent
activation of these synaptic modulators.
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Glutamate is the major excitatory neurotransmitter in the
brain. Most fast glutamatergic synapses use ionotropic
glutamate receptors, which possess an integral ion-
permeable pore, to generate a dual component excitatory
postsynaptic potential. The two components are mediated
by different receptor subclasses: a fast component uses
glutamate receptors of the a-amino-3-hydroxy-5-methyl-
4-isoxazole proprionic acid (AMPA) subclass, and a slower
component is mediated by glutamate receptors of the N-
methyl D-aspartate (NMDA) subclass (Fig. 1). A separate
class of G-protein-coupled glutamate receptors, called
metabotropic glutamate receptors, respond to transmitter
by initiating intracellular biochemical events and are
involved in modulating synaptic transmission and neu-
ronal excitability. The metabotropic glutamate receptors
form a distinct group within the G-protein-coupled recep-
tor superfamily, but bear some sequence homology to the
recently cloned g-aminobutyric acid receptor, subtype B
(GABAB) [1]. 
Genes encoding eight different metabotropic glutamate
receptors (mGluR1–8) have been described [2], and these
can be divided into three groups on the basis of their phar-
macological properties and the second messenger path-
ways that they employ (Fig. 1). Experiments with cloned
receptors expressed in transfected cells have indicated that
mGluR1 and mGluR5 (group I) are coupled to phospho-
lipase C and thereby to inositol trisphosphate and diacyl-
glyerol production, whereas mGluR2 and mGluR3 (group
II) and mGluR4, mGluR6, mGluR7 and mGluR8 (group
III) are negatively coupled to adenylate cyclase. Beside
these pathways, functional modulation can also be
achieved by direct interaction of activated G-protein sub-
units with ion channels such as voltage-gated calcium and
potassium channels (reviewed in [3]). Other G-protein
coupled receptors, such as GABAB receptors, also modu-
late excitatory synapses, but it is unclear whether there is
any convergence of the second messenger pathways.
Recent evidence also suggests that metabotropic glutamate
receptors may modulate inhibitory synapses (which use
GABAA receptors), thus mediating depolarization-induced
suppression of inhibition at cerebellar synapses [4].
Alterations in the effectiveness of synaptic transmission
may be achieved by modifying the transmitter-release
properties of the presynaptic neuron or the response prop-
erties of the postsynaptic neuron. At one level, synaptic
modulation may take place over very short timescales
(milliseconds to seconds), thus providing feedback control
of transmitter release (autoreceptors). At another level, the
modulation may be consolidated to establish long-term
changes in synaptic efficacy (hours to days), which are
thought to form the cellular basis of learning and memory.
Metabotropic glutamate receptors of all three subclasses
are known to modulate transmission, but in some cases
these receptors are located outside recognized transmitter
Figure 1
Glutamate activates two types of receptor: ionotropic receptors have
an integral cation permeable pore, whereas metabotropic receptors
activate G-protein-coupled second messenger cascades. E, effector
protein activated by interaction with Ga–GTP.
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release sites. We shall examine recent findings which
demonstrate how these remote receptors may be activated
and argue that their location leads to their preferential
activation during the summation of relatively high-fre-
quency synaptic inputs, thus resulting in a response that is
highly activity-dependent.
The importance of location
To understand the physiology of metabotropic glutamate
receptors, a number of basic questions first need to be
answered. Which particular subtypes of metabotropic
glutamate receptor are present in any given neuronal
system? Where precisely are they located? And how are
they activated? There is now increasing evidence for the
specific subcellular localization of metabotropic glutamate
receptors on neurons and synaptic terminals. Group I
receptors are generally located at postsynaptic sites,
whereas group II and III receptors can occur at both
presynaptic and postsynaptic sites. This notion of a
precise subcellular localization for receptors is not new —
there is receptor clustering at the neuromuscular junction,
central synapses and dendrites — but in the case of
metabotropic glutamate receptors, the story is given a new
twist with the idea that perisynaptic localization could
permit activity-dependent receptor activation [5]. 
The idea that functional receptors are located on the
periphery of the synapse has been confirmed anatomi-
cally: mGluR1 has been found to be located perisynap-
tically on postsynaptic neurons, and mGluR2 is located
preterminally on axonal processes (see below). In rat hip-
pocampus, presynaptic mGluR7 is located within the
synaptic grid where vesicle docking and exocytosis takes
place [6]. There may also be reciprocal interactions, as
Shigemoto et al. [6] found a higher level of mGluR7
expression on those terminals presynaptic to mGluR1-
containing postsynaptic neurons. Such a configuration
would allow modulation of transmitter release to be
dependent upon the postsynaptic target. In this regard,
differences in short-term, activity-dependent modulation
of cortical synapses made by pyramidal neurons have been
observed to depend upon the postsynaptic target [7].
Short-term synaptic modulation
How might such peripheral receptors work? To under-
stand the relationship of receptor location to synaptic
activity, it is important to consider what happens during
synaptic transmission. A rapid exocytotic event at the
presynaptic terminal transiently raises glutamate levels to
millimolar concentrations in the synaptic cleft [8]. This
rapidly decays to micromolar levels by diffusion away from
the release site and the mopping-up action of glutamate
transporters. So receptors close to the release site see very
high concentrations of transmitter, and those further away
will be exposed to much lower concentrations. Whether
such levels are functionally relevant will depend upon the
diffusion path, the receptor’s affinity for glutamate, the
speed and capacity of uptake mechanisms and the spatial
and temporal relationship of exocytotic events.
So what happens in practice? Certainly there is good
evidence for delayed transmitter clearance at synapses
with multiple release sites [9]. And, in a recent paper,
Scanziani et al. [10] demonstrate such a mechanism can
lead to activity-dependent recruitment of presynaptic
mGluR2 receptors at hippocampal mossy fibre synapses in
the guinea pig. Their method is based on a comparison of
the relative efficacy of two competitive antagonists in
blocking the slow, NMDA-receptor-mediated synaptic
current; higher concentrations of glutamate in the synaptic
cleft will displace the lower affinity antagonist from the
NMDA receptor, so relieving the block and increasing the
magnitude of the synaptic response relative to that
observed for a higher affinity antagonist. Scanziani et al.
[10] used the competitive, low-affinity NMDA-receptor
antagonist amino-pimelic acid (APA) to estimate changes
in the glutamate concentration within the synaptic cleft
during synaptic stimulation at different frequencies. They
found that glutamate levels did increase when mossy
fibres were stimulated at higher frequencies (rising from
0.05 Hz to 1 Hz; see Fig. 2). 
As metabotropic glutamate receptor agonists are known to
depress transmission at mossy fibre synapses (see below),
Scanziani et al. [10] next determined whether these
receptors were involved by application of the metabo-
tropic glutamate receptor antagonist a-methyl-4-carboxy-
phenylglycine (MCPG). This blocker increased the ampli-
tude of synaptic responses during a 1 Hz train, but not
during control 0.05 Hz stimulation, indicating that meta-
botropic glutamate receptors are activated only during the
higher frequency stimulation. Similar results with a more
specific antagonist, (2S,3S,4S)-methyl-2-(carboyxcyclo-
propyl)-glycine (MCCG), indicated that the modulation
was mediated by mGluR2. From these observations,
Scanziani et al. [10] argued that, given the anatomical
arrangement of the mossy fibre synapses, with a single
bouton forming multiple release sites, spillage of transmit-
ter from the release sites is likely to occur during higher
frequency activity. This overspill reaches metabotropic
glutamate receptors that would not otherwise be activated.
Short-term presynaptic inhibition by metabotropic
glutamate receptors has been demonstrated at excitatory
and inhibitory synapses, involving both group II or group
III receptors. The group III metabotropic glutamate
receptors, which are characterized by activation by the
phosphonic derivative of glutamate (L-2 amino-4-phos-
phonobutyrate, L-AP4), serve as autoreceptors at excita-
tory synapses [11,12], mediating the direct feedback
suppression of transmitter release. We have seen how
such presynaptic metabotropic glutamate receptors may
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be activated, but how do they influence transmitter
release? This depression could be achieved by any of
three mechanisms: shortened action-potential duration by
potentiation of presynaptic K+ currents; direct modulation
of the presynaptic Ca2+ currents which trigger exocytosis;
or modulation of part of the exocytotic machinery itself.
Although there is indirect evidence for each of these
mechanisms, recent direct patch-clamp measurements at
a giant synapse in the auditory pathway [13] demonstrate
that the ionic mechanism is by direct modulation of the
calcium current [14].
Consolidation and long-term changes?
So what is the evidence for long-term changes mediated
by metabotropic glutamate receptors? There is now evi-
dence that mossy fibre synapses in the mouse hippocam-
pus display a presynaptic long-term depression (LTD)
which is mediated by mGluR2 and lasts for hours [15].
LTD at these synapses is produced by 1 Hz stimulation
for 15 minutes, and was found to be severely impaired in
mGluR2-deficient mice [16]. Immunocytochemical label-
ling at the electron microscopic level has shown that
mGluR2 is located in a preterminal zone, rather than at
the junction itself, so this may represent a consolidation of
the short-term depression seen by Scanziani et al. [10]. 
There is also strong evidence that metabotropic glutamate
receptors are involved in long-term changes of synaptic
transmission that may underlie learning and memory. Such
changes may occur in various areas of the brain, including
the accessory olfactory bulb, involving mGluR2 [17], and
the cerebellum, involving mGluR1 [18,19]. There is also
some evidence to suggest that group I metabotropic
glutamate receptors may serve a conditional switching
function in the NMDA-receptor-dependent form of long-
term potentiation (LTP) in the hippocampus [20]. Finally,
it is worth noting that metabotropic glutamate receptor
location is important enough to require specific accessory
proteins, such as Homer [21]; this protein selectively binds
group I metabotropic glutamate receptors and may play a
role in receptor targeting during synapse development and
plasticity.
Metabotropic glutamate receptors are thus intimately
involved in regulating synaptic transmission over both
short and long timescales. It is presently unclear whether
this represents a temporal spectrum or whether there are
specific signals which allow the short-term events to be
consolidated into long-term changes. But it is clear that
some metabotropic glutamate receptors are targeted to syn-
aptic and perisynaptic locations on both presynaptic and
postsynaptic membranes, and that this positioning plays an
important role in their activity-dependent activation.
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